A utotetraploid alfalfa (2n = 4x = 32) is the third largest crop by acreage in the United States with an estimated 28 million kg of seed produced per year (NASS, 2009). Although alfalfa tends to outcross (i.e., xenogamous), it is a self-compatible species meaning that self-pollination or "selfing" is possible. Selfing in alfalfa is more likely to occur in the absence of pollen from another genotype, suggesting that, when present, outcross pollen may outcompete self pollen (Viands et al., 1988) . Selfing has been shown to occur in insect-pollinated alfalfa seed production fields. Reported field-wide selfing rate estimates range from 9 to 53% (Burkart, 1937, 15% selfing; Johansen, 1963 , multiple studies 9 to 26% selfing; Bradner and Frakes, 1964, 34% selfing; Pedersen, 1968, 53% selfing; Knapp and Teuber, 1993, 24% selfing; and Brown and Bingham, 1994, 28% selfing). Most of the pre-1990s studies used white flowered "sentinel" plants in fields of purple flowered alfalfa plants to estimate selfing rates. The pollinators used in these studies varied widely or were not mentioned and
pollinator preference for a flower color could have influenced selfing rate estimates (Pederson 1967) . Brown and Bingham (1994) used purple flowered "sentinel" plants transplanted into a 0.2 ha seed production field pollinated with alfalfa leafcutter bees and observed a 28% selfing rate. The specialized sentinel plants originated from a separate synthetic population and seeds obtained from these sentinel plants were grown at a separate location (greenhouse) and phenotyped for recessive white flower color progeny segregants to estimate selfing rate. This technique required growing out progeny to observe flower color, a laborious and time consuming process. Knapp and Teuber (1993) evaluated transplanted alfalfa seedlings and used allozymes to estimate an average selfing rate of 24% in a honeybee (Apis mellifera) pollinated field. Selfing rate in their study was determined based on isozyme allele dosage of the field-derived open-pollinated progeny of each transplant in conjunction with progeny derived by manually selfing each of the transplants. The authors noted that using isozyme markers on field grown plants was not always reliable since good isozyme expression was not always observed in field-grown tissue possibly due to the field growing conditions (Knapp and Teuber, 1993) . Greater polymorphism levels typically observed with microsatellites (i.e., simple sequence repeats or SSR) should facilitate the identification of selfed and outcrossed seeds, especially when maternal tissue is genotyped concurrently. Riday et al. (2013) developed efficient laboratory methods to genotype autotetraploid alfalfa plants at various microsatellite markers and wrote software to determine whether individual seeds resulted from selfing or outcross-pollination events. Although the software developed by Riday et al. (2013) was tested on an isolated 16 parent autotetraploid alfalfa polycross, determining selfing vs. outcrossing pollination events in a commercial seed production field setting with hundreds of thousands of genotypes is more difficult. One objective of the current study is to provide additional software tools to facilitate such an evaluation.
Exhaustive work has been expended to determine best field management practices that maximize seed yield per unit area in alfalfa seed production fields (Rincker et al., 1988) . It has also been repeatedly demonstrated that cross-pollination of alfalfa produces more seeds than selfpollination (Piper et al., 1914; Viands et al., 1988; Strickler, 1999) . Moreover, Gray et al. (1969) showed how percent flowers producing pods, number of seeds/pod, and number of seeds/flower could be used as indirect indices of the rates of self vs. cross-pollination in alfalfa. However, relationships between these indirect measures and selfing rates were not always consistent across cultivars (Gray et al., 1969) . Such inconsistency could result from the fact that various factors can influence a plant's selfing rate including flower abundance, floral display size, raceme position on a stem, and plant distance from the pollinator nest (Rincker et al., 1988; Harder and Barrett 1995; Strickler and Vinson 2000) . For example, selfing rate increases when pollinators visit a greater number of flowers in succession on a plant. This form of selfing results from an increase in the level of among-flower or geitonogamous selfing (Lloyd 1992; Harder and Barrett 1995) . Modeling work by Strickler and Vinson (2000) demonstrated how geitonogamous selfing was sensitive to flowering conditions in alfalfa fields. Their model suggested that fields with many flowers in bloom were more likely to experience selfing via geitonogamy compared to fields with fewer flowers in bloom. Studies have also demonstrated that, erect alfalfa plants with more open canopies favor greater bee access to flowers, hence increasing bee visitation rates (Marble, 1970) . In many plant species, larger floral displays have also been shown to increase pollinator visitation rate and to increase the geitonogamous selfing rate Harder and Barrett 1995; Brunet and Eckert 1998; Karron et al., 2004) . This occurs because seeds from flowers visited initially by a pollinator will be more outcrossed relative to seed from flowers on the same plant visited subsequently by the same pollinator. This observation is a consequence of pollinators accumulating more self pollen with successive visits to flowers on the same plant (Harder and Barrett 1995; Karron et al., 2004 ). In addition, field studies using honey bees have shown that the most effective pollination of alfalfa occurs within a 90 m radius of the hive, giving rise to the possibility that plants closer to the hive may be more outcrossed relative to more distant plants (Rincker et al., 1988) . Numerous studies have also demonstrated genetic variation for self-fertility in alfalfa, where self-fertility is quantified as the number of seeds set following the manual tripping of alfalfa flowers (Cooper and Brink 1940; Tysdal et al., 1942; Pankiw and Bolton, 1965; Sayers and Murphy, 1966; Knapp and Teuber, 1993 ). This genetic variation in self-fertility could influence selfing rates in alfalfa seed production fields. Finally, Viands et al. (1988) indicated that one-and two-seeded pods may be more likely to contain selfed seeds relative to pods containing three or more seeds. In the absence of outcross pollen, pods with few seeds are thought to arise as a consequence of reduced fertility that is associated with selfpollination in alfalfa.
The major objective of the current study was to measure the selfing rate of randomly selected direct-seeded alfalfa plants in a commercial seed production field pollinated by leafcutter bees. Secondary objectives were to determine under field conditions whether selfing rates varied: (i) among plants; (ii) with increasing plant distance to pollinator domicile source; (iii) among raceme positions on the plant; (iv) with number of seeds per pod; and (v) among pod positions on the raceme. Tertiary objectives included: (i) expansion of a SAS program developed by Riday et al. (2013) to determine false positive
DNA Extraction and Molecular Marker Amplification
Total DNA was extracted from seeds by using a modification of the method of Edwards et al. (1991) . One seed from each plant and one 3.2 mm chrome-steel bead (BioSpec Products Inc., Barlesville, OK) were placed in individual tubes in 1.2-mL strip tubes in 96-place racks (BioExpress, Kaysville, UT). Tissue was powdered by grinding at 1500 strokes per minute for 15 min in a Geno/Grinder 2000 (SPEX SamplePrep, Metuchen, NJ). After grinding, racks were centrifuged for 1 min at 5000 g to dislodge most of the ground tissue from caps. We added 100 L of extraction buffer (0.20 M Tris-Cl pH 7.5, 0.25 M NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate) to each tube and mixed the samples by shaking for 10 s. The tubes were centrifuged for 1 min at 5000 g and the supernatant was transferred to fresh tubes, carefully avoiding the pelleted debris. We added 50 L of isopropanol to the recovered supernatant; mixed the samples by vortexing for 20 s and incubated the tubes at room probability of selfed progeny identification; (ii) develop a single DNA reaction-based assay to generate all necessary data to determine selfing status of an alfalfa seed; and (iii) develop a rapid DNA extraction method that can be used directly on alfalfa seed.
MATERIALS AND METHODS

Seed Production Field and Sample Collection
A 0.84 ha (30.5 m East-West by 274.3 m North-South) Forage Genetics syn 3 alfalfa seed production field was drill-seeded at 0.56 kg ha -1 near Nampa, ID, in a Power-Purdam silt loam (fine-silty, mixed, superactive, mesic Xeric Calciargids-Haploxeralfic Argidurids) in 2011. The field was mechanically thinned after planting. During the 2012 seed production year the field was furrow-irrigated on 1 May, 3 June, and 5 July for 12 h with 2.54 cm diam. siphon tube with a 20-cm drop. Natural precipitation totals and average temperatures for May, June, July, and August 2012 at the site were 11.4, 1.0, 1.8, and 1.0 mm; and 13.3, 18.3, 25.0, and 22.8°C, respectively. Leafcutter bees are solitary bees that can nest in aggregation. A leafcutter bee domicile was placed on the western edge of the field midway along the North-South line of the field and 22.7 L of leafcutter bees, hence approximately 60,000 bees, were released on 3 July. No flowering occurred before bee placement. A sampling transect was set up starting at the bee domicile and going in a southeasterly direction towards the Southeast corner of the field. Because leaf cutter bees do not exhibit any preference in their directionality of movement while foraging, we expected sampling transects in any direction to provide similar results. Thirteen collection sites, each 11 m apart, were established along the sampling transect (Fig. 1) . On 8 Aug. 2012, when 35% of the seeds in the field were ripe, a single stem with seedbearing fruits was collected from three separate plants at each of the collection sites. Each of the collection sites encompassed approximately a 0.5 by 0.5m area. Young unopened leaves were collected from each stem for maternal DNA analysis. The DNA analysis of the maternal plants confirmed that all sampled plants were separate genotypes. The final clean seed yield of the production field at harvest was 568 kg ha -1 . In the laboratory, seed-bearing pods were haphazardly selected from each stem with the goal of collecting enough pods to obtain 24 seeds per plant for selfing rate estimate. The locations of a pod on a stem (upper or lower half of the stem) and on the raceme (upper or lower half of the raceme) were noted. The designation of upper and lower half of the stem or raceme was done relative to each particular stem/raceme; it was a relative rather than an absolute measure. Each pod was individually opened and for each pod where a seed was taken the total number of seeds in the pod was recorded. Approximately 24 seeds (ripe or unripe) were collected per plant (progeny array for that plant) and each seed was genotyped at 18 microsatellite loci. Therefore, all seeds from a given pod were analyzed except for the final pod which may have been partially sampled if the 24 seeds were obtained before all seeds were collected from that pod. One of the 39 plants was not processed correctly and was omitted from further analysis (the omitted plant was plant "1" collected at Site 2). temperature for 5 min. The tubes were centrifuged for 5 min at 5000 g and the supernatant was discarded. Pelleted DNA was washed twice with 50 L 95% ethanol. Pellets were air dried at room temperature overnight. The DNA was resuspended in 50 L TE, pH 8.0; the samples were incubated at 35°C for 1 h, with light vortexing at 20 min intervals to disrupt the pellet. Resulting DNA solutions were 10 to 80 ng L -1 . Maternal plant tissue was freeze dried and total DNA was extracted using methodology described by Riday et al. (2013) .
One multiplex polymerase chain reaction (PCR) per sample was performed in a 6 L reaction volume using 18 primer pairs (primer sequences are available in Sledge et al., 2005) (Table  1) . During multiplexing development, each primer pair was amplified individually to determine its pattern and verify its products when multiplexed. Criteria for primer pair inclusion in the multiplex was: number of alleles observed per SSR locus, size of amplification product, and ability to amplify as expected when included in the multiplex. Trial and error was used to determine amount of each primer pair used in the multiplex to adjusted PCR amplicon production amounts to be more uniform across all primer pairs. The forward primer in each primer pair was fluorescently labeled with either HEX (green), 6-FAM (blue), TAMARA (yellow) (Eurofins MWG Operon, Huntsville, AL), or CAL Fluor Red 610 (red) (Biosearch Technologies Inc., Novato, CA). Each PCR reaction contained: 3 L JumpStart REDTaq ReadyMix (Sigma-Aldrich, St. Louis, MO), 0.05 to 0.50 M of each primer (see Table 1 for specific amount per primer pair and fluorescent label used for that primer), 0.63 mM MgCl2, 0.50 M betaine (Sigma-Aldrich, St. Louis, MO), and approximately 10 to 80 ng template DNA. The primers and DNA were dissolved in TE (pH 8.0) which contributed 1.43 L of TE (pH 8.0) to the 6 L reaction. Plates were sealed with polymer seal mats to prevent evaporation during PCR reactions (BioExpress, Kaysville, UT). Thermal cycling was performed on a DNA Engine Dyad (Bio-Rad Laboratories Inc., Hercules, CA) as follows: 95°C for 1 min; 45 cycles of 95°C for 20 s, 50°C for 2 min, and 72°C for 1 min; 55°C for 1 min; 72°C for 10 min; and a final step of 4°C for 1 min. Samples were prepared for fragment size determination by combining 1 L of PCR reaction with 9.81 L deionized formamide (Life Technologies Inc., Carlsbad, CA) and 0.19 L custom RadiantDy 632 (orange fluorescent color) size standard (75, 100, 140, 150, 160, 200, 250, 300, 340, 350, 400, 450, 490 , 500 bp) (BioVentures Inc., Murfreesboro, TN). Fragment sizes were determined on an ABI Prism 3730xl Genetic Analyzer using a G5 dye matrix and the default run module (Applied Table 1 . Twenty alfalfa simple sequence repeat (SSR) loci evaluated on seed from 38 maternal plants sampled in August 2012 from a leafcutter bee pollinated seed production field in Nampa, ID: primer pair name, accession name, fluorescent label used, final primer concentrations (forward and reverse) (M), allelic diversity, fragment size range (bp), and percent of progeny with various allele configurations for each SSR locus. . § Five alleles per genotype were often observed at this locus. Each allele at the locus was treated as a separate locus. Percent in progeny classes are the average across all alleles treated as separate loci. The standard deviation for both estimates was 25.7%. ¶ Primer pair product was resized by creating a new BG126 reverse primer (TTCGGGTTTAGAAGGTGGAA) to amplify larger fragments to fit in the multiplex.
self-compatible categories, based on their selfing rate when only pods with three or more seeds were examined. Our logic for using this classification was that pods with few seeds (one to two seeds pod -1 ) very often contain selfed seed and are thought to result from self-pollination in the absence of outcross pollen (Cooper and Brink, 1940, Viands et al., 1988) . We hypothesized that selfed seeds derived from pods containing more seeds (three plus seeds pod -1 ), were more likely to result from self-pollination in the presence of outcross pollen and would therefore be a more reliable indicator of the self-compatibility level of a plant. Plants with a selfing rate >15% in the pods with three plus seeds were classified as "high self-compatible" plants while plants with a selfing rate less than 15% in three plus seeded pods were classified as "low self-compatible" plants. We used Proc Freq (i.e., c 2 -tests) to test for differences in selfing rates between one and two and three plus seeded pods, upper and lower raceme and upper and lower stems separately for the high and low self-compatible plants.
RESULTS
Except for SSR primer pair AW146 which produced two distinct fragment regions, all other SSR primer pairs produced a single locus. The two alleles, at 231 and 232 bp for the AW146 primer pair were treated as one locus, while the amplified fragments in the 265 to 278 bp range were treated as the second locus (Table 1 ). The SSR primer pair AW379 often had five or six alleles per progeny suggesting potential duplicated loci with fragments in a similar size range. For AW379, each of the eight observed alleles was treated as a separate locus during analysis as this did not affect the detection of selfing (Riday et al., 2013) . Finally, an adventitious polymorphic fragment resulting from potential cross primer pair amplification was scored as a separate locus. The forward primer generating this fragment was a CAL Fluor Red 610 labeled primer since the product appeared in the red color range. The size of the product was 277 and this locus was referred to as AM4-Red277 (Table 1) . No other cross primer pair amplification product was detected in our results when tested against the results of single PCR reactions at each locus. We evaluated and analyzed a total of 27 "loci" in this study.
A total of 929 seeds were genotyped with 21 to 26 seeds per maternal plant (Table 3) . Individual plant selfing rates ranged from 0 to 52.2% and the average individual selfing rate in the population was 11.8% (Table 3) . A c 2 -test indicated significant differences (P < 0.0001) in selfing rate among plants (Table 3 ). Individual selfing rates were not normally distributed and had a median value at 8.3%. Totally outcrossed progeny were observed for 21% of the plants sampled (8 plants) and 40% (15 plants) of the plants had selfing rates significantly >0% (Table 3 ). The probability of obtaining a false positive selfing event for a given plant was low (P < 0.0001) with the highest P value at 0.0007 (Table 3) .
We observed no significant linear or nonlinear relationship between selfing rate and distance from the bee Biosystems Inc., Foster City, CA). Raw image files were imported into the GeneMarker 1.91 software program (SoftGenetics LLC, State College, PA) and a manual color matrix adjustment was made to reduce pull-up between colors (Table   2 ). GeneMarker was then used to interpret the electropherograms and assign alleles to experimental data.
Data Analysis
The multilocus genotypes of maternal plants and progeny arrays were analyzed using a SAS code developed by Riday et al. (2013) to determine whether a seed was selfed or outcrossed.
A seed was determined to be the result of self-fertilization if, at each SSR locus, all progeny alleles were observed in the maternal genotype. There is a chance of observing a false positive self-pollination event with this method but its probability decreases as the number of loci used increases. A false positive selfing event would represent an outcross paternal plant carrying the same allele as the maternal plant. This probability was estimated using allele frequencies in the seed population at each locus in conjunction with the maternal multilocus genotype. The SAS code developed to determine this probability is provided as a supplementary file. The program can use any type of molecular marker data (e.g., SSR, SNP, AFLP, etc.), and it can use any type of autotetraploid marker type (i.e., dominant, codominant with known dosage, and/or codominant with ambiguous dosage). Population allele frequencies were estimated based on observed allele frequencies in the seeds assuming random mating equilibrium.
Individual selfing rates were estimated based on the number of selfed and outcrossed seeds obtained per plant. A c 2 -test was used to detect variation in the proportion of selfed and outcrossed seeds (selfing rate) among plants. For each plant, the 95% confidence interval was used to determine if the selfing rate was significantly different from a 0% selfing rate. The histogram option in the Proc Univariate was used to plot the histogram of individual selfing rates and determine if the distribution was normal. We used linear and nonlinear regressions to examine the relationship between selfing rate and distance from the bee domicile (three data points per distance). Linear and nonlinear regression analyses were conducted using Proc Reg and Proc Nlin (SAS Institute, 2008), respectively. We used Proc Freq (SAS Institute, 2008) (i.e., c 2 -tests) to determine whether the selfing rates were similar between pods from the lower or upper parts of the raceme or between racemes from the lower or upper parts of the stem. All selfing rate mean comparisons were conducted in Proc Freq using the fisher, exact, and riskdiff options.
To further examine the potential differences in selfing rate among plants, we grouped plants into "low" and "high" domicile (data not shown). Pods from racemes on the upper part of the stem had similar selfing rates (12.5%) relative to pods from racemes on the bottom part of the stem (11.2%) ( Table 4) . Pods from the upper part of racemes, however, had significantly lower selfing rates (9.1%) than pods from the lower part of racemes (15.1%) (Table 4) . Finally, one to two seeded pods had selfing rates (15.6%) similar to pods containing three plus seeds (11.3%) ( Table 4) . When "low" (<15% selfing in three plus seeded pods) self-compatible and "high" (>15% selfing in three plus seeded pods) self-compatible plants were analyzed separately (Table 3) , a statistically significant difference between the selfing rate of pods with one to two vs. three plus seeds per pod was observed for low-self-compatible plants but not for high-self-compatible plants (Table 4) . Similarly, the difference in selfing rate between upper and lower portions of the raceme was statistically significant only for the low-self-compatible plants but not for the high-self-compatible plants (Table 4) . Table 3 . Selfing rates (%) of 38 alfalfa plants sampled from a leafcutter bee pollinated seed production field in August 2012 in Nampa, ID, at 13 sites spaced 11 m apart along a southeasterly heading transect away from the bee domicile. * Significantly different from 0% selfing rate at P < 0.05. † L-Low Self-Compatible Plant (<15% selfing rate in three plus seeded pods); H-High Self-compatible Plant (>15% selfing rate in three plus seeded pods) ‡ ns-not significantly different from 0% selfing rate at P < 0.05.
DISCUSSION
The average individual selfing rate in this study was lower than alfalfa field selfing rate estimates obtained in many previous studies (Burkart, 1937; Johansen, 1963; Bradner and Frakes, 1964; Pedersen, 1968; Knapp and Teuber, 1993; Brown and Bingham, 1994) . Conventional wisdom obtained from conversations with alfalfa seed producers states that poorly managed fields are expected to have higher selfing rates. This hypothesis is based on observations that poorly managed fields have a much higher incidence of small pods containing one or two seeds. It further hypothesizes that in these fields one to two seeded pods are associated with selfing. Low seed production per pod can result from poor pollination (lack of fertilization) or from poor resource availability (lack of water or nutrients) for seed development (Brunet, 1996; Medrano et al., 2000) . Poorly managed fields could therefore include fields with low pollinator availability which would limit pollinator fertilization and/or pollinator nutrient availability which in turn could limit flower and fruit/seed production. A corollary to the hypothesis that poorly managed fields are expected to have high selfing rates would be that well-managed seed fields should have lower selfing rates. Well-managed fields represent fields with ample pollinator and resource (nutrient) availability. However, well-managed fields with high resource availability are also expected to have many flowers in bloom which has been shown to increase the level of geitonogamous or among-flower selfing when pollinators are present (Strickler and Vinson, 2000) . To directly examine the impact of different management practices on selfing rate would require additional studies comparing the selfing rate of the same synthetic field managed under low and high pollinator availability and low and high nutrient availability. One could also examine the interactions between these two factors on selfing rate and yield. The lack of a relationship between distance from the bee domicile and selfing rate suggests that pollination was adequate in the field and that plants located closer to the bee domicile were as likely to receive outcross pollen as plants located further from the bee domicile. The prediction of an increase in selfing rates with distance from the bee domicile assumes that outcross pollen is less likely to reach plants further away from the bee domicile. Sufficient number of bees and distribution of bee domiciles throughout larger fields would increase the probability of outcross pollen reaching plants throughout a field. Because leaf cutter bees are solitary bees and approximately 60,000 individual bees were added to the field in this experiment, we expect the bee genetics to be well represented in this population and unlikely to vary significantly between experiments and fields. It is therefore unlikely that bee genetics was a factor affecting the results of this experiment. We expect similar results in smaller or larger fields as long as the bee domiciles are well distributed throughout the larger fields and give all plants similar probabilities of receiving outcross pollen.
Previous hand-pollination studies in alfalfa have shown that hand-tripped flowers generally produce pods with one to two selfed seeds per pod (Cooper and Brink 1940) . Moreover, one to two seeded pods are much more likely to contain selfed seeds relative to pods containing three or more seeds (Bradner and Frakes 1964; Viands et al., 1988 ).
In the current study, we observed no overall differences in selfing rate between one and two and three plus seeded pods. However, low self-compatible plants (<15% selfing in three plus seeded pods) had a greater selfing rate in one to two seeded pods relative to three plus seeded pods, while high self-compatible plants did not show differences in selfing rate with number of seeds per pod. High self-compatible plants maintained a higher and fairly consistent selfing rate under both treatments. Previous studies have demonstrated that self pollen tubes tend to grow slower than outcross pollen tubes down the style (Cooper and Brink 1940; Rice et al., 1970) . The higher selfing rate of one to two seeded pods in low self-compatible plants is likely due to low levels of outcross pollen relative to self pollen being deposited on the pistil. Under these circumstances, self-pollen has less or no competition with outcross pollen and can pollinate a greater proportion of the ovules (Bradner and Frakes 1964) . Selfing rates in the three plus seeded pods most likely reflected differences in competitive abilities between self and outcross pollen tubes growing down the style. Therefore, we expect the low self-compatible plants to have lower selfing rates when outcross pollen is more abundant and self pollen competes with outcross pollen for access to ovules. For the high self-compatible plants, however, we do not expect differences in selfing rate between the 1-2 or three plus seeded pods because some of the self pollen will outcompete outcross pollen tubes and fertilize some ovules. Because pollen tube length has been shown to be under genetic control in alfalfa (Barnes and Cleveland 1963) , differences in selfing rate between low and high self-compatible plants could reflect genetic differences in the rate of growth of self relative to outcross pollen tubes (i.e., differences in the ability of self-pollen to outcompete outcross pollen as pollen tubes grow down the style). Low self-compatible plants had a greater selfing rate in the lower portion of the raceme. In contrast, selfing rate did not vary with position on the raceme for high selfcompatible plants. If pollinators visit florets on the upper part of the raceme first, we expect florets on the lower part of the raceme to receive more self pollen. This increased amount of self pollen on stigmas of florets on the lower part of the raceme could explain the greater selfing rate on the lower portion of the raceme (Harder and Barrett 1995; Karron et al., 2004) . This pattern of pollinator visitation would not only help explain the increased selfing in the lower part of the raceme in the low self-compatible plants but also the greater proportion of outcrossed seeds in the upper section of the raceme (Bradner and Frakes 1964) . For the high self-compatible plants we would not expect to see raceme position effects or other effects related to pollinator behavior because self pollen from these plants would be competitive against outcross pollen. Future studies are needed to confirm whether and how pollinator behavior influences selfing rate between the upper and lower portions of the raceme in alfalfa.
If different plants were sampled in the alfalfa field, we expect similar results. Alfalfa is an open-pollinated crop and a population (field) contains a significant amount of genetic variation (Flajoulot et al., 2005; Wang et al., 2011) . The plants we sampled should represent an adequate subsample of the population and illustrate the self-compatibility variation present in the population. Differences among individual plants in selfing rate are expected in other fields as confirmed by individual plant selfing rate data from an experimental field of alfalfa pollinated by different pollinators in Wisconsin. Differences in levels of self-compatibility may exist among different alfalfa varieties but we still expect differences in selfing rates among individuals in different varieties. Variation in selfing rate among locations for a given variety may depend on management practices. We predict higher selfing in locations with low pollinator availability and in locations with high resource (nutrient) availability. High resource availability, in the presence of ample pollinators, is expected to increase the selfing rate via geitonogamous selfing. Pollinator type can also influence selfing rate (Brunet and Sweet 2006) so fields using different managed pollinators could exhibit differences in selfing rate. Future work examining selfing rate in different locations and for different varieties will determine whether the differences between high and low self-compatible plants observed in this study commonly occur in alfalfa.
Perfect management practices may not completely eliminate selfing in alfalfa seed production fields because geitonogamous selfing is likely to occur in well-managed fields with large floral displays and ample pollinators. In our study, no matter how well this seed production field was managed to ensure xenogamous pollen on all plant stigmas, a significant proportion of self pollen of high self-compatible plants would outcompete outcross pollen and pollinate a proportion of the ovules. Among plants sampled, 37% (14 of 38) of plants had selfing rates of 15% or more in three plus seeded pods, 26% (10 of 38) had selfing rates of 20% or more in three plus seeded pods, and 13% (5 of 38) had selfing rates of 25% or more in three plus seeded pods (Table 3 ). In addition, even for the low self-compatible plants, some selfing will occur, especially in the lower part of the raceme. However, if decreasing self-pollination to reduce inbreeding depression in alfalfa is a breeding program goal; the plants with highest three plus seeded pod selfing rates could be selected for culling from the population. Further studies would be required to confirm this selection strategy. For example, to confirm the presence of plants with different self-compatibility levels, one could test for differences in pollen tube growth rate, seed set, and selfing rate between plants identified in the field as low self-compatible and high self-compatible plants, when similar quantity of self and outcross pollen are applied to the stigmas under the controlled greenhouse conditions. Our results indicate that some selfing will remain in this alfalfa seed production field even after following this selection strategy and using best management practices. Moreover, if one were to indirectly select for high seed yield by screening for large seed weight per raceme, as suggested by Bolanos-Aguilar et al. (2001) , under low pollinator conditions, this strategy could lead to selection of self-compatible plants.
